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I Introduction

Improvement of the tokamak concept is highly desirable to 1) reduce the size and

capital cost of a device able to ignite, 2) increase the plasma pressure i.e. the power density

to reduce the cost of electricity, 3) increase the fraction of bootstrap current to render the

tokamak compatible with continuous operation. The requirements for tokamak improvement

can be summarized with the three following formulas (in M.K.S. units):

High Q operation (aB) - ^ H | - ^ - ffreaKing.puri.y) (1+5/Q) <»

2 2
Power per unit volume —^— = 3200 B —r PM (——| f(peaking, purity) (2)

v p i i> i q^ i
r 0.5 R0.5

Fraction of bootstrap -BQQI = o.6 - ^ r pp = 0.03 - r j p^ K %* (3)
R a "

In these formulas the plasma size is given by a and R, the minor and major radius

while B is the toroidal magnetic field on axis. The plasma cross section is characterized by

the elongation K, the triangularity 5 and the "shape factor" S = q^/qcyi which is the ratio of

the safety factors in actual and cylindrical geometry (with minor radius a in the latter case).

The plasma properties are determined by its safety factor q^, the confinement time

normalized to Goldston L mode scaling, HG, and the normalized beta, PN. The energy

multiplication factor is Q and f(peaking, purity) is a aumber accounting for profiles and

impurity effect. If profiles are flat and the plasma has Zeff=l, f(peaking,purity) =1. A

"standard" value for f is 0.6 (parabolic temperature profile, flat density profile, 1.3% of

carbon and 15% of He i.e. Zeff =1.7). Note that formula (1) is derived assuming a

quadratic power dependance of fusion power valid in the range 10-20 KeV, and formula (3)

is an approximation not valid at very low R/a.



- 2 -

As pointed out by the proponents of "advanced tokamak", improvement requires:

- Large HG factor: From equation (1), the product a.B, i.e. the cost of the device, is

directly related to HQ-

- Large PN: This is necessary to get both large power density and high bootstrap current.

- Large S/qv= l/qCyl from the point of view of ignition (1) or power density (2).

Nevertheless too low q v operation reduces the bootstrap fraction (3), increases the

disruption risk and impact, and may reduce the value of HQ.

- Large aspect ratio: From (1) and (3) it appears that large R/a is favourable for ignition at

lower values of the product a.B and larger bootstrap current. Note that the first point

depends strongly on the exact scaling of the confinement with aspect ratio (large deviations

may occur at low or large R/a values).

Various solutions have been investigated for reactor concepts, as shown in table I.

The ITER device has been designed with conservative assumptions on elongation and on

safety factor leading to S < 2.3 and qv > 3, i.e. S/qv < 0.76, enhancement of confinement

time compatible with stationary operation (Elmy H mode i.e. HQ =1.9). The resulting

condition for ignition is a.B = 17m.T. The PN value in the standard mode of operation is

rather moderate to minimize the divertor heat flux. A consequence is that the bootstrap

fraction is low. The SSTR and ARIES I reactor concepts are designed to ignite at higher

safety factor. The ensuing decrease in SAty is compensated by an increase of R/a and of

He- The resulting a.B are not far from the ITER value although they are obtained with a

lower minor radius and a significantly higher value of B. The main difference with respect

to the ITER design is the high value of PN leading to a large power density and high

bootstrap current fraction. The ARIES II device is based on more agressive assumptions

(second stability operation, high enhancement of confinement) on physics and is

characterized by a lower current and lower toroidal field. The tight aspect ratio device, is

designed to ignite at a very low a.B product. This is due to the very large effect of the

shaping. A feature of this reactor is that the toroidal field is created by a classical conductor

located in the central hole. Very large power densities are foreseen in this device.

Tokamak concept improvement is an active field of research in various countries

[1-3]. Many existing tokamaks are utilized and several projects exist which are dedicated to

this topic: TPX [4] in the U.S. JT60-SU [5] in Japan and at a more modest scale MAST in

Europe. The aim of the present paper is to summarize the most important results obtained in

this field and to show the options which are still open and explored by the various

experiments. In section II, various effects of the plasma shaping are discussed, in section

III, plasma configurations with both high PN and HG are explored, in section IV the issue

of stable steady state is discussed. Section V briefly deals with the issue of the plasma edge.
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Table I: Parameters ofUER and of some reactor concepts.

Volume
Current
a.B
R/a
H Q required1

1/qcyl = S/q\|/

B
Power density1

Neutron fluxl

Alpha power/R1

Bootstrap fraction

ITER[6]

2200
24
17
2.7
1.9
0.76

1,89

5.7
0.57
0.9
31
15%

SSTR [7]

730
12
15.3
4.1
2.2
0.62

3,5

9
3.4
3
71
75%

ARIES I [7]

480
10
17
4.5
2.3
0.53

3.2

11.3
3.8
3.4
56
70%

ARESII [81

550
6.8
11.5
4.1
3.9
0.47

5.7

7.7
2.9
2.5
52
90%

Low R/a [9]

310
34
3.1
1.3
3.1
2.9

3.5

1.76
11
14
385
66%

m3
MA
m.T

T
MWAn3

MW/m2
MW/m

II Plasma shape

II.1 Effect of plasma shaping

The plasma shape plays an important role in the design of the tokamak. Various

approximations for S exist in the litterature [10,11,12]. In [11], S is given by:

[ l + 1 5 a 2 / R 2 ] (4)

It should be noted that the S factor is generally limited by the upper bound of K set

by the n=0 stability of the plasma. Large values of S have been obtained in DIII-D

(a/R = 0.33, K=2.34, 8=0.85 -> S=4.7) owing to an improved control for vertical stability

[11]. This will be nevertheless more difficult in reactors since the possibility to stabilize

high elongation plasmas with superconducting coils far from the plasma is questionnable.

At low aspect ratio, the vertical stability of the plasma is improved and high values of S can

be reached [12]. Various effect of the shape and aspect ratio have been discussed:

a) High value of plasma current: Shaping the plasma cross section allows to

increase the S/qy factor (i.e. the plasma current) at constant safety factor, i.e. without

rendering the plasma more unstable. This has beneficial consequences on the H factor and

on the beta limits. An illustration of this beneficial effect is shown in figure 2 of [13]. It is

shown that if the shape of DIII-D discharges can be reproduced in a large tokamak, ignition

is expected for a.B in the range of 12 m.T.

1 Computed using equation 1 or 2 and assuming Q= <» and f(peaking. shape) = 0.6 i.e. 15% of helium, and
1.3% of carbon i.e. Zeff= 1.7. The profiles for temperatures are parabolas and for density, the square root of a
parabola. Note lhat these assumptions are considered to be conservative.
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b) Intrinsic effetcs of shape: Other effects due to the shape (especially the

triangularity) although predicted by theory are not so clear. Firstly, there is a "V K term in

many L mode scalings, however this factor represents rather the replacement of the

horizontal minor radius a by an average plasma minor radius. A second point is that, when

edge current density is involved, the triangularity seems to have an effect on the plasma

behaviour, in particular on ELM's likely through the accessibility of the second stability

domain [14,15]. Nevertheless when systematic scans of 8 or K are made no clear

improvement of the product PN H is observed [16]. In addition, very large values of PN H

have been obtained in quasi-circular cross sections [17,18], although rion necessarily in

conditions extrapolable to steady state (see below).

c) Requirement for current drive: It should be mentioned that strongly shaped

plasmas have larger current at a given q^. This causes a reduction of the bootstrap current

fraction and increases the requirement for current drive as shown by formula (3). This

drawback can be partially compensated by a larger plasma temperature if He and/or PN is

larger.

di Reactor design: Finally shaping as an impact on the machine design. High

triangularity implies a double null divertor. This modifies the exhaust system (no room on

the inner leg) and also on the maintenance scheme (access from the top in case of a single

null bottom divertor or from the equatorial plane in case of a double null divertor). As

discussed before, elongation has strong implication on the design of the poloidal field

system and the limits of what can be done are not well known.

t) Tight aspect ratio f!2]: At ultra-low R/a, the tokamak configuration changes

significantly: 1) The plasma becomes strongly paramagnetic, 2) it has a low external

inductance, 3) a large contribution to the shear is due to geometrical effect, 4) the stability of

the n=0 mode increases at low R/a, 5) there is a natural divertor. These modifications of the

configuration lead to a configuration which may have excellent transport and stability

properties, and be compatible with steady state operation. Small scale experiments in the

START device are promising, however a larger scale experiment remains to be done to

prove the viability of the configuration. If these excellent properties are valid in larger

devices, an ignition machine based on the tight aspect ratio configuration, would have a

small size (= JET size). However, extrapolation to reactor of this type of configuration

raises specific technology issues (like the centerpost).

II.2 Various approaches

Various approaches exist for the shape. In the U.S., the line followed by DIII-D, the

project TPX and the reactor concept ARIES is an elongation and triangularity as large as

possible: K < 2.3, 5 < 0.8 in DIII-D, K < 1.6-2, 8 < 0.8 in TPX, K=1 .6 , 8=0.6 in
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ARIES I, K=2, 8 =0.7 in ARIES II. The three lattest devices are equipped with double null

divertors, and DIII-D can also be operated in such a configuration. It has been in particular

used to test the properties of H mode in double null configuration [19]. In Japan, moderate

elongation and triangularities are favoured to allow the use of a single null divertor. This is

the line of the device JT-60U, the project JT-60SU and the reactor concept SSTR. Aspect

ratio of order of 4 are preferred to optimize the fraction of bootstrap current. In Europe,

various devices are used, "standard" ones like JET able to achieve moderate triangularities,

but also devices aiming at the exploration of corners of the parameter space like START

[12] for ultra low aspect ratio and the device TCV for highly elongated plasmas [20]. There

is a project (MAST) for a medium size tight aspect ratio tokamak to prove the viability of

this concept.

Ill Scenario with large pN> and H

Advanced tokamak operation requires plasma regimes where H Q and PN are large

and compatible with steady state operation. Morever, these plasma regimes must be such

that they are compatible with a large bootstrap current fraction.

III-l Enhancement of the H factor

The "standard stationary Elmy H mode" foreseen for ITER allows to reach HG

factors lying typically between 1.5 and 2 [21]. There are hopes to reach much higher values

of HG, since values larger than 4 have already been achieved. One of the observations at the

origin of the advanced tokamak concept is that in many cases the largest HG values are

obtained at moderate qy (4-5). These "ultra-enhanced" confinement modes can be split into

several categories:

a) Hot-ions modes like the supershot regime in TFTR [22], hot-ion mode in JET

[23], high Pp mode in JT-60 [24], and perhaps also the I mode in Tex tor [25]: These

regimes are characterized by central fuelling and pumping walls, ion temperature often

beyond 20 KeV and peaked density profiles. Enhanced core confinement is observed,

which can be combined with an additional improvement due to H mode transition at the

edge. The HG factor often lies between 3 and 4 and this mode of operation is at the origin of

records values of the product n ^ T i : 9 xlO20 nr3 KeV.s in the JET [26], 12 x 1020 nr3

KeV.s in JT-60U [3,27] and 4.4 x 1020 nr3 KeV.s [22] in TFTR. It should be noted

however that the compatibility of hot-ion mode with reactor constraints is questionable:

Such modes are obtained at very low edge density when wall recycling is very low (this is

obtained after conditioning), property which seems hardly compatible with edge constraints

in a reactor and up to now, high HG values have only been obtained T j » T e , a condition
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which is not compatible with ignition. These modes, which are characterized by a peaked

pressure profile are generally limited by MHD instabilities to PN values lower than 2.

b) H modes like Elm free H mode in many devices, the VH mode in DIII-D [15],

and the high Pp VH mode in JET [28,29]. These modes are characterized by pressure

pedestal at edge and also allow to reach H factors up to 4. In DIII-D the largest fusion

product has been obtained in VH mode nj TETJ: 4 1021 nr3 KeV.s [15]. Their compatibity

with stationary operation remains to be demonstrated. Due to the pressure gradient at edge

bootstrap current appears in this zone: jboot = 400 kA/m2 in JET [29] and 200 kA/m2 in

DIU-D [30]. Up to now, plasmas have not been obtained at resistive equilibrium due to the

large electron temperature and core-edge distance. As pointed out by V.Chan [2] the

relationship between H mode and edge current is rather puzzling. On the one hand, current

seems to have a beneficial effect on the edge properties since it is empirically necessary for

H mode [31], and allows access to the second stability of the edge region which is

correlated with high confinement [14]. On the other hand, it seems that a too large current

density at edge causes a kink unstability in DIII-D [31]. The corresponding PN at

equilibrium are expected to be rather low (=2) unless wall stabilization plays a role.

c) "High li regimes: Experiments on TFTR [32] and on many other devices have

shown that an increase of lj was accompanied by an improved confinement. The best results

have been obtained in DIII-D with HQ =3 when combined with H mode [17] and HG up to

4 in TFTR [18,33]. Analysis of the results from various devices led to the conclusion that

the electron heat diffusivity Xe varies as sxBg with negative values of x and y [34-36]. Up

to now, except for Tore Supra where a modest improvement (HG = 1-4) is seen when

central current drive is used [37], this mode is obtained in transient conditions during

current or elongation ramp. On the other hand, the high lj regime is compatible with high

values of PN (see below).

Another feature of the link between confinement and current profile is the intriguing

behavior which is observed in the central core when shear becomes negative. In some cases

the current profile can be hollow as reported for FTU [38], JET [39], JT60-U [40], TFTR

[13] without any strong effect on core confinement (except perhaps in JT-60U). However,

in other cases, a very peaked pressure profile is clearly identified with hollow current

profile. This latter feature seems to be very robust since it has been observed with hollow

current profiles obtained by current ramp in DIII-D [41], bootstrap current in JET with

peaked density profile (PEP mode) [42], and off-axis current drive in Tore Supra with

peaked electron temperature profile (LHEP mode)[43]. A general remark is that improved

confinement is associated to hollow q profile if q(0) is not far from unity.
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III-2 Enhancement of the pN factor

a) Fist stability scenario: Up to now, the largest values of PN have been observed in

plasmas with peaked current profiles. This is the case in DIII-D [17], JT-60U [27] and

TFTR [18] where PN in the range 4 - 6 have been obtained with values of the internal

inductance lying in the range 2-4. The best performances are obtained during current ramp

i.e. with reversed current at the edge [17]. This behaviour is expected from theory for

plasma in the first stability zone for ballooning modes but also for kink modes provided the

pressure profile in the core is flat enough [12,17]. As pointed out before, these plasmas

have also enhanced confinement and have reached values of PNH up to 15 in DIII-D [17],

i.e. much more than the best values obtained in VH mode (7.3) [15].

bi Second stability scenario: Another possible route towards high PN predicted by

theory is second stability for ballooning modes [44] as suggested for ARIES II [8]. These

plasmas are characterized by broad, even slightly hollow, current profiles, with sharp

gradients at the edge i.e. a low internal inductance. Such profiles are for example expected

for VH mode operation, due to the large bootstrap current at the edge. Performance is often

limited by unstable kink modes [31,45] unless the wall can play a stabilizing role. Indeed,

the stabilizing effect of the wall on n=l kink mode has been seen on PBX-M [46]. Recently

an experiment has been performed in DIII-D with a low inductance plasma (lj=0.71) and PN

values up to 4 have been obtained [47]. However, wall stabilization remains a complicated

issue. First, the stabilizing properties of the wall must be maintained in presence of access

for heating systems, diagnostics [46]. Second, due to the finite resistivity of the wall,

plasma rotation is required. The theory of wall stabilization is still under development and it

has even been predicted that a wall too close to the plasma could have detrimental effects

[48]. More sophisticated schemes such as feedback on active coils, additional heating,

ponderomotive force of ion Bernstein waves (PBX-M) have been proposed, however, their

compatibility with reactor environment is not yet established.

IV Scenarios with steady steady state current profiles

IV-1 Profile of bootstrap current

At high qy, large fractions of bootstrap current (50-80%) have been obtained in

many devices even at low pN like DIII-D [49], JET [28], JT-60U [50], TFTR [18,51] and

Tore Supra [36] as shown in table II. In such discharges, the bootstrap current plays a

dominant role, making the current profile to evolve towards a broader or an hollow shape.

In these shots, the high bootstrap fraction period lasts typically between 2s and 3s and

equilibrium is often not (JET, DIII-D, JT-60U) or hardly (TFTR, Tore Supra) reached. The

duration is limited either by the heating pulse length or by instabilities clearly related to the
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bootstrap current evolution as in JT-60U (hollow profile), in TFTR (too broad profile),

while in JET the termination is related to a not fully understood MHD phenomenon.

Table II: Examples of shots with large bootstrap fraction. Note that some figures are

indirectly deduced and may be inaccurate.

R (m)
a *b (m)
I (MA)
B(T)
Qw

q(0)
li

P N 2

P P 2

I Bootstrap
Fast ions

D1II-D #77676
1.67
0.6 *1.2
0.4
« 2
=15
1 - » 2

1.8 ->1.2
2

3.6

80%
20-30% (NBI)

JET #25264

3.05
1.1* 1.43
1
2.8
- 8
= 1

0.9-» 0.7
2

1.8

75 ±15%
low ? (ICRH)

JT60
2,9
0.65 * 0.84
0.45
4.5
12
2-> 3 - 4

1.2-> 0.7
1.1

2.9

75-80 %
50% (NBI)

TFTR #61148
2.45
0.8
0.4
«4.8
= 15
l - » 2

3 - * 1.3
1.8

3

40 - 50 %
50-80% (NBI)

T.S. #14238
2.28
0.72*0.72
0.4
2
-7.2
=1 (sawteeth)

1.8-M.3
0.6

0.9

40-50%
0% FWEH

These experiments are useful to show the accessibility of bootstrap dominated

discharges. However, advanced tokamak operation needs to reach similar bootstrap

fractions, but at lower qy and higher PN values. This is more difficult because higher power

is required but also improved confinement and MHD stability. Two scenarios are left which

may be compatible with steady state advanced tokamak operation:

a) First stability configuration: Such regimes are investigated in DIII-D [2,17],

JT60-U ("high PN regime) [27], TFTR [18], Tore Supra [37]. This first configuration is

derived from the high lj mode. Indeed, this scenario is attractive, since it combines high PN

and high Ho as discussed above. In addition, it may be well adapted to reactor edge

constraints since it is compatible with vanishing current density and pressure gradient at the

edge. However, the high Ij configuration is presently only achieved during short periods

(less than resistive time scale) i.e. as long as the misalignment between the actual and

equilibrium current profile can be compensated by the action of the electric field. As pointed

out in [11], the pressure gradient at the edge generates a finite bootstrap current density so

that the current profile broadens, and li decreases. Simple estimates show that this effect

should reduce the PN limit to about 2.5 [52-53]. Such a relaxation of the current profile and

the associated degradation of beta limits have been clearly seen in TFTR [18,51]. Two types

of improvements are possible which consist in reducing the current density at the edge by

an "external" action.

2 Including fast ion pressure
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- Counter current drive at the edge. This method could be used to generate the configuration

with steady state reversed edge current as obtained during ramp down, however this seems

not sensible since a significant amount of power is required.

- Quench of the edge current. The bootstrap current could be reduced by "intrinsic" effects

such as ELMs, increase of the plasma collisionality [54] by lowering the temperature by

radiation, or ergodization of field lines. None of three effects has been investigated

quantitatively.

b) Second stability core: Hollow current profiles could lead to high PN values. A

second stability domain is created in the plasma core, while the outer zone stays in the first

stability domain. Unlike the high lj case, this configuration has the advantage of generating

bootstrap current profiles which are not too far from the target profile. Hollow current

profiles have been observed in many devices [13, 40-43] and their use in JET [55],

JT60-SU [5], TPX [4], ITER [56], ARIES II [8] has been investigated. A variant has been

proposed recently for DIII-D and TPX to increase the plasma performance which consists in

a combination of second-stability core and VH mode [57] so that the whole plasma is in the

second stability domain for ballooning modes. However kink modes are generally unstable

and wall stabilization is required. In addition, the compatibility of the configuration with

divertor operation is unclear. There is no rule for central q values. On the one hand, large

values are interesting since they avoid the most dangerous magnetic surfaces in the plasma

(q=l, q=2), and are favourable to large bootstrap current. On the other hand, it must be

recalled that most of the peaked pressure profiles have been obtained with low values of q

on axis (q(0) =1).

IV-2 Current profile control and self organization
In all the scenarios discussed above, the difference between the total and bootstrap

current must be supplied by external means. For operation in the first stability domain the

externally driven fraction is about 30% of the total current [7], and it drops to 10% in the

second stability domain [8]. Although some experiments have been made combining current

drive and bootstrap current [27, 36, 49, 58-59] this field is still in its infancy. Various

questions have still to be investigated:

a) Plasma behaviour: Roughly speaking, the plasma profiles in a reactor are

governed by two coupled set of equations: i) those governing transport with sources such as

additional heating, thermonuclear power with a time scale of a few seconds and ii) those

governing the current profile evolution with sources such as external current drive, friction

driving the bootstrap current with a time scale of hundreds of seconds. The system is

complicated by various feedbacks and nonlinearities (pressure dependance of bootstrap

current, effect of the current profile on tranport coefficients, I/Be dependence of the

bootstrap current). It is difficult to predict how the system will evolve, especially in the
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"advanced tokamak mode" where two non-linear terms, the bootstrap current and the

thermonuclear power, negligible in most of the present experiments, will become dominant

Complex behaviours are already observed like spontaneous shear reversal [41,49, 50], and

bifurcations (like H mode transition). On the other hand, some regulation effects are also

observed (sawtoothing in ohmic plasmas, clamping at the limit of ballooning modes at high

PN, flat profiles in Mercier unstable zones [41 ]).

b) Current drive and feedback control: This question is closely related to the chosen

scenario (peaked - hollow current profile). For high 1, scenarios, central current drive is

required. In the case of hollow profiles, the situation is more complex. Alignment of current

profile or its control by feedback could require at least two current sources [57,60]: one on

axis for the seed current, and one off axis for control of the minimum of the safety factor.

Nevertheless simpler situations can be envisaged where the alignement of the current profile

results from self-organisation. For example, it has been conjectured that plasmas could even

generate their own seed current by dynamo effect [61 ].

c) Technique for current drive: All the current drive systems can be envisaged. At

first order, the criterions for choice are the same as ITER, in particular the possibility to heat

the plasma, the compatibility with reactor environment, and the total efficiency i.e. driven

current/recirculating power [62]. Nevertheless, for advanced tokamak scenarios, other

criteria could play an important role which are related to the plasma stability: localisation in

space, tunability, power deposition fixed in space or related to plasma parameters,

possibility to rotate the plasma especially for second stability scenarios. Experiments with

various scenarios are planned in the coming next years for exemple: 1) NBCD, ECCD,

FWCD in DIII-D [57], 2) NBCD, LHCD, FWCD in JET [55], 3) LHCD and NBCD3 in

JT-60U [3], 4) LHCD, FWCD, ECCD4 , NBCD4 in Tore Supra.

It should be noted that two other schemes for self generated current have been

proposed: 1) asymetric reabsorption of synchrotron radiation in hot plasmas [63], 2) the

use of the interaction of a lower hybrid wave or of a cyclotron wave with alpha particles to

drive current and couple directly the thermonuclear power to the ions [64].

V - Edge

The exhaust issue (heat and He) is at least twice as difficult as in ITER and the load

on the plasma facing components could as well be a PN limit. More accurately the P/R factor

which is a measure of the flow in the scrape-off layer reads (M.K.S. units):

3 The present system is a classical beam injector but a I0MW-500 KeV is planned with use negative
ions.
4 At longer term
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2 2

^ 13000 (aB)Y|-) ^ K p J j B 2 f(peaking, purity) (4)

There is no clear prescription for plasma-edge interaction in advanced tokamak.

Eventually the scenarios discussed in section IV will have to be compatible with edge

constraints, and conversely some flexibility in the geometry of the exhaust system will be

necessary. The envisaged scenarios are quite different from this point of view.

- Schemes with little current at the edge, such as the high lj mode, are well suited to

a low temperature radiative edge, and are less sensitive to the plasma shape. They fit with

radiative divertor or even alternative schemes like ergodic edge or limiter which could allow

a better use of the wall area for exhaust

- Schemes with pressure and current pedestals at the edge (second stable edge) seem

to be less adapted to the edge constraints. Present configurations require a divertor and they

are sensitive to the plasma shape (acccess to second stability).

Most of the advanced reactor concepts use divertors. However, the geometry is

modified with respect to the ITER case to be compatible with the plasma shape (natural

exhaust plume in tight aspect ratio devices, or double null divertor with high triangularity).

Presently, only the Elmy H mode is considered, which is within the present state of the art

the best solution for ITER. For advanced tokamak scenarios the ELMy H mode has also

some attractive features like its compatibility with scenarios like the high 1, plasma, and

with significant radiation level [65]. Recent experiments on JT-60U have shown that it was

possible to sustain an ELMy H mode with a very high nxT value (4 1020 m"3s.KeV i.e.

almost 40% of the best performance) [3].

VI Conclusion

Improvement of the tokamak concept is a crucial issue. In the short term, in this

area, efforts are being guided by the design of two major projects JT-60SU and TPX, and

for the long term by reactor concepts like ARIES I and II, SSTR and tight aspect ratio

reactors. Four lines of research can be identified:

- Find the optimum plasma shape and aspect ratio: There is a trade off between the physics

(high nxT and power density) and technology (controlability of shape and position with

superconducting coils, maintenance). In what concerns the aspect ratio, two extreme

solutions have been proposed (R/a =4 or R/a ~ 1.3).

- Find the optimum combination of pressure and current profile which is compatible with

high HG (minimum reactor size), high PN (steady state, high power density), large

bootstrap current (or other self - generated current) in equilibrium situation. Solutions lying

between two extreme cases based on peaked or on hollow current profile are proposed.

More work is necessary to evaluate both scenarios.
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- Use current drive to control such a configuration. A reactor must be as simple as possible

and this gives preference to current-drive schemes in which the plasma spontaneously

evolves towards the optimum configuration. However the use of feedback control can be

envisaged. This issue is a new field of research and important results are expected in the

next years.

- Heat and particle exhaust. This issue is presently similar to ITER, although advanced

tokamak operation will be more demanding due to the larger power density. It is likely that

the edge constraints will play an important role in the determination of viable scenarios.
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ABSTRACT
As a result of current profile modifications, strong improvements with respect to

the usual L-mode scaling laws and Troyon beta limit are now being observed in most

Tokamaks, leading to the emergence of a new reactor concept which appears promising,

with the potential for steady-state operation with a high fraction of bootstrap current. A

brief overview of the most relevant experiments is made.

Stability of high bootstrap current regimes requires adequate feedback control of

the current density profile. For reactor applications, such feedback schemes should allow

sufficient automatic control of the q-profile during the full duration of the plasma

discharge, i.e. from its initiation until complete relaxation of the transient electric fields

generated upon application of external heating and current drive, with varying power, in

the initial 100 to 500 seconds.

Practical means and scenarios for producing and maintaining the optimum current

profiles in the various phases of the thermonuclear discharge (profile formation, current

ramp-up, bum phase) are proposed. To produce the required q-profile with shear reversal

in the centre and high bootstrap fraction, in steady-state, they require the simultaneous use

of two independent and complementary external sources such as Fast Wave Current Drive

in the plasma core and off-axis Lower Hybrid Current Drive, and very slow evolution of

the plasma parameters (geometry, plasma current and density,...).
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1. INTRODUCTION

Over recent years, a number of experiments performed at sufficiently high additional

heating and current drive power, especially on DIII-D [1], JET [2], JT-60U [3], TFTR [4]

and TORE SUPRA [5], have shown that modifications in the plasma magnetic shear (i.e. in

the current density profile) were responsible for obtaining various enhanced confinement

modes (High-lj, VH, PEP+H, LHEP, High-pp, High-pN, - ) • Performance improvements

are generally measured with respect to empirical or semi-empirical scaling laws for

confinement [6-9] (H factor) and beta-limit [10-11] (PN factor), which have been guiding the

concept of ITER ("International Tokamak Experimental Reactor") towards inductive

(pulsed), high plasma current operation. However, strong departures from these scaling

laws are now being observed, leading to the emergence of a new reactor concept which

appears promising and more economical, with a possible relaxation on the plasma current

constraint and the potential for steady-state operation with a high fraction of bootstrap

current ("Advanced Steady-State Tokamak Reactor") [12-13-14].

In the first half of this paper, we shall make a brief overview of the main

experimental achievements related to this research area over the last few years. Then

scenarios for the real time control of the plasma current density in a steady-state "Advanced

Tokamak" reactor will be discussed. An attempt to define schemes which should provide

accessibility to the advanced plasmas and at the same time insure adequate control for times

much larger than the resistive diffusion time and therefore lead to continuous operation will

be made.

2. CURRENT PROFILE MODIFICATIONS AND IMPROVED PLASMA

PERFORMANCE

2.1. Improved confinement and stability in high-lj discharges

The effect of current density profile modifications on the global confinement of

Tokamak plasmas was first observed during transient current ramp-down experiments in

TFTR [4] in which the internal inductance parameter, lj, was increased by a large amount

and intense neutral beam heating was applied. Using fast current ramps, lj parameters up to

4 were achieved and the ratio, H = T E / T E I T E R 8 9 ' P , of the global confinement time to the

ITER89-P L-mode scaling prediction [8] reached 2.3. It was shown that in these conditions

of strong ion heating the ion thermal diffusivity decreases with increasing magnetic shear (x\

oc Ls) thus causing this transient improved confinement during the relaxation of the current

density profile. When the power was high enough (25 MW) to produce ePp = 1 (High-pp

mode), the confinement enhancement factor was even higher, reaching H = 3.7.

Simultaneously, the normalized Troyon factor PN = P(aB/Ip) was as high as = 5 %-m-T/MA
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showing improved stability at high plasma pressure. During the relaxation of the current

profile, the plasma evolved towards a nearly full (90 %) non-inductive state due to the

addition of the slightly off-axis beam driven and bootstrap currents. In agreement with MHD

code calculations, the discharge became unstable after a few seconds (n = 1 modes),

resulting in disruptions or beta-collapses [15].

Improved confinement and stability has also been observed in DIII-D [16-17] when

the plasma current profile was changed either through current ramps or elongation ramps

(i.e. at constant plasma current). In both elongated and near-circular discharges, the

enhancement factor scales linearly with l\, t£ reaching about twice the JET/DIE-D ELM-free

scaling prediction [9] and 3.8 times the ITER89-P one, while PN increased up to 6 %-m-

T/MA. The elongated discharges yielded higher H factors than the circular ones for the same

value of the internal inductance parameter. Again, this improved plasma performance has

been obtained in a transient way thanks to a very peaked ohmic current density. At high

plasma pressure, relaxation of the electric field results in a broadening of the total current

density profile through the effect of the significant bootstrap current density that is associated

with these discharges. Thus simultaneous high lj and high P could not be achieved in near

steady-state conditions. The correlation between the beta limit and the internal inductance

agrees with theoretical ballooning stability calculations.

In the JT-60U high-pN mode (Bt = 1.5 Teslas), PN values up to 4 and p p = 3 were

achieved when the pressure profile was broadened by uniform neutral beam power

deposition and the current density profile was peaked (lj = 1.3-1.6), again suggesting the

importance of the current density profile [18]. The performance in this mode was limited by

low-n MHD instabilities (possibly pressure driven resistive modes) rather than beta collapse.

In TORE SUPRA, current ramp-down experiments with plasma current, Ip, varying

from 1.7 MA to 0.8 MA were also conducted [19]. Lower hybrid (LH) heating and current

drive was applied just before the ramp. Small sawteeth were suppressed and no MHD

activity was observed. During the 0.8 MA plateau, the steady-state value of the internal

inductance parameter, lj, stabilized near 1.7 instead of 1.4 in the ohmic case and 0.7 MA

were driven by the waves whereas the bootstrap current was about 0.1 MA. In the steady-

state phase, these discharges exhibit an improved global confinement (up to 40%) with

respect to normal auxiliary heated discharges which generally follow the Rebut-Lallia-

Watkins (RLW) global scaling [7]. This final state obtained after the current ramp down can

be also obtained by applying the LH power directly on a low current flat-top. The improved

confinement was attributed to an increase of the magnetic shear in the confinement zone (r/a

= 0.5-0.7) rather than to the absolute value of lj.
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Improved confinement by peaking of the current density profile was also obtained by

Fast Wave Electron Heating (FWEH) on TORE SUPRA [20], due to a very peaked electron

temperature profile. The electron energy content reached twice the global RLW prediction

which normally fit the L-mode data fairly well. As before the internal inductance parameter

was only moderately high (1.5 versus 1.4) because the main change in the current profile

occurs within half-radius. Rather than l\, the magnetic shear seems to be the leading

parameter governing the decrease of the electron thermal diffusivity, Xe- It is interesting to

note that RLW local transport can reproduce the %e evolution simply by assuming a square

dependence of the critical temperature gradient on the local magnetic shear. This heating

method allowed to reach the highest poloidal betas (Pp = 1.1) and confinement improvement

factors in TORE SUPRA, both increasing roughly proportionally. The maximum fraction of
bootstrap current was around 45 % which, for the same product e ^ P p , is higher than

previously reported by other experiments in which a large fraction of the pressure was due to

fast ions [21].

2.2. High-pp modes, improved core confinement and shear reversal.

In several large Tokamaks, improved confinement and stability has also been

observed when the magnetic shear is small or even negative in the plasma core (shear

reversal). This generally occurs at low plasma current, i.e. high-Pp, when the ohmic current

component is low or even vanishing and when a strong bootstrap current is present together

with some complementary externally driven current.

In JT-60U, high pp modes are characterized by a peaked pressure profile at high

safety factor (q = 4-9) and high toroidal field (Bt = 4.4 Teslas), and an improved core

confinement leading to H = 2.5 [22-23] at low internal inductance (lj ~ 0.8-1.2). By

combining this mode with an H-mode (High-ppH-mode), an enhancement factor H = 3.6

was obtained and a record value of the fusion product, ni(0)Tj(0)X£ = 1.1 x 1021 nr3-keV-s

was achieved. Transport calculations indicate that a region of small or negative shear exists

in the centre of the plasma. These performances were limited by PJJ collapses occuring in the

plasma core [18].

The high pp mode in TFTR was already discussed above in conjunction with high-lj

discharges and also yielded high fusion reactivity. However, they always terminated during

the relaxation to the low-lj state and would have required current profile control to maintain

them stable. Recently, central shear reversal has been produced by balanced beam injection

and a fast current ramp-up in high qo conditions [13]. This led to substantially reduced

thermal transport at qo = 2.3.



- 1 9 -

The existence of a stable high pp ({3p=3.6), high bootstrap and high confinement

(H = 2.1) regime was demonstrated in DIII-D [24]. This regime is characterized by a

peaked pressure profile, a high central safety factor (qo > 2) and moderate lj = 1.3. The

transition to this regime was obtained by letting the plasma current profile relax from an

ohmic shape (qo = 1, lj ~ 1.8) to a shape which is characteristic of high bootstrap fraction

discharges supplemented by some neutral beam current drive. It occured after disappearance

of the q = 2 magnetic flux surface and of the MHD activity in the core of the plasma (n = 1

internal modes). The bootstrap current fraction reached 78 % of the total current, while the

remaining current was driven by the beams. The resulting pressure and current profiles are

found to be in the second region of stability for ideal ballooning modes over most of the

plasma cross-section.

Access to the second stability regime in the core of the discharge was also obtained in

DIII-D by strong neutral beam heating associated with a rapid increase of the plasma

elongation and current [25]. This produces a hollow current profile and a peaked pressure

profile. Record values of the central toroidal beta were thus achieved (Po ~ 44 %).

Shear reversal has been obtained in JET by pellet injection in the centre of the

discharge and led to a large improvement of the core confinement with large pressure

gradients and a significant fraction of bootstrap current [26].This has been called "Pellet

Enhanced Performance" (PEP). The heat transport in the negative shear, second stable core

became neoclassical and this contributed to the sustainment of the large pressure gradient.

High-f5p bootstrap current dominated H-modes have also been achieved using ICRF heating

[27]. During ELM-free phases, (3p rose up to 2 with H = 3.6 and the bootstrap current

fraction reached = 70 % and these phases were terminated by a rapid (3p decline. The large

bootstrap current density at the plasma periphery however did not give to shear reversal. The

Pp, decline was triggered by an instability located at the plasma periphery.

During LH heating in TORE SUPRA, when about 3 MW of LH power are applied

directly on a steady low current (Ip < 0.8 MA) current flat-top discharge the surface loop

voltage vanishes and lj rises although the current density in the center of the plasma

decreases. These discharges show the existence of a stationary regime of improved

confinement (the LHEP mode [28, 29]) where the electron temperature strongly peaks

within r/a < 0.4, and the central temperature, Te0, rises to about 6 to 8 keV. When the LH

power is applied, the current density profile slowly flattens in the center and the magnetic

shear nearly vanishes and sometimes reverses for r < 0.2 m. While the increased magnetic

shear in the outer half of the plasma provides a better margin with respect to first stability, its

decrease - or reversal - in the central part of the discharge provides access to the second

stabilitv domain. The combination of these two ingredients seems beneficial for confinement



-20-

as it produces both the increase of" 1, and the central shear reversal and access to second

stability. As for the FWEH mode described above, the confinement enhancement and

poloidal beta increase roughly proportionally.

Modifications of the current density profile have also been obtained in the bean

shaped PBX-M experiment. Off-axis Lower Hybrid deposition together with neutral beam

heating have allowed to produce quiescent regime free of global MHD modes while qo was

raised above unity [30].

3. CURRENT PROFILE CONTROL IN ADVANCED TOKAMAK REACTOR

OPERATION

3.1. Advanced Tokamak Reactor Requirements

From the brief overview of recent experimental results of most large Tokamaks

which was presented above, it seems clear that the available scaling laws do not provide a

satisfactory zero-dimensional description of plasma confinement. In particular current

density and pressure profile effects play an important role on the MHD stability of the

plasma and its confinement properties, with the obvious remark that the two phenomena are

most probably linked together in many circumstances where the unstable modes do not lead

to plasma termination or collapse.

These results have a direct impact on the design and economy of a fusion reactor. In

particular, the feasibility of a compact reactor based on the detail control of the plasma

profiles has emerged. Making use of the advanced physics concepts which have been

revealed by recent experiments, it seems possible to design a modest-size high-confinement,

high-beta machine, in which the fraction of bootstrap current will be large enough to make

steady-state operation possible [12-14]. A so-called "Advanced Tokamak" reactor would

require a high degree of control of the current density profile in all operation phases in order

to arrive at a burn phase which satisfies the requirements for net fusion power production

with acceptable recirculating power, while being able to control the stability of the plasma

over the full duration of the burn. The problem in particular arises as to whether such a

burning plasma state is accessible, as it will be necessary to develop scenarios which insure

stability of the discharge at any time from plasma current initiation to fusion burn.

From the analysis of the experimental results and from the MHD stability code

predictions which have been validated against those experiments, optimum current density

profiles have been proposed [17| which combine the beneficial ingredients of the high-(5p

modes found in most experiments.The resulting current profiles are hollow to provide shear

reversal and second stability core, with qo much larger than unity and a minimum in the q-
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profile at r/a = 0.5-0.75 where qm;n = 2.6. In particular, values of qmjn which are far from

integer values are necessary to insure stability with respect to infernal modes [31].

According to theoretical predictions, such profiles should allow stable operation up to PN =

6.4, (3p = 3.1, and provide the necessary confinement enhancement factor, H = 3.5 - 4,

which is required for producing 1.5 to 2 GW of fusion power with a total plasma current of

12 MA in a machine with major radius R = 5m.

3.2. Accessibility of a Steady-State Advanced Tokamak Regime

As pointed out before, a major question which then arises regards stable access to the

desired current profile shape. It is indeed crucial that during all the transient phases - in

particular, current ramp-up, plasma fueling and a-power rise - the profiles maintain an

appropriate shape so that the discharge remains stable. The path which is followed in

parameter space is therefore very important. For example, reversing the magnetic shear in

the centre of the discharge requires going through a phase of very small shear in a significant

fraction of the plasma cross-section. This is known to be delicate because of the possible

destabilization of the infernal modes and cannot be done at high pressure.

Steady-state operation will require feedback control of the current density profile so

that the plasma state which is obtained at the start of bum can be preserved over a time scale

which is very much longer than the resistive diffusion time scale, i.e. longer than 1000 -

5000 s. As will be shown below, this imposes rather stringent conditions on steady-state

operation scenarios.

Exercising real current profile control in Tokamaks has not yet been achieved in any

experiment and is a real challenge for demonstrating the feasibility of a steady-state reactor.

Feedback loops based on measurements of qo, li, magnetics are being implemented in JET

and D1II-D heating and current drive systems and are under study for TORE SUPRA to

control the relative powers (and phases) in the separate systems. The primary goal of these

experiments will be to show that the advanced regimes can be reliably accessed at least for

short pulse operation and to use this potentiality to increase the plasma performance (and

fusion yield in JET). For the purpose of short pulses (< 20-30 s) one can rely to a large

extent on the fact that the current density profile existing at the time of intense neutral beam

or RF heating will then be frozen-in and therefore evolve sufficiently slowly to allow full

control during the rest of the discharge [32]. The generation of transient electric fields

throughout the plasma cross-section during rapid changes of the applied power may

however, during long-pulse operation, cause retarded slow modifications of the current

profile whichu at later times, would make the control difficult, and sometimes only possible

at the expense of applying larger and larger amounts of additionnal power.
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The study of the long-term evolution of the discharge - i.e. up to full relaxation,

especially in the core of the plasma, of the ohmic electric fields generated during the

transients - and the definition of scenarios and feedback schemes for its control, will require

pulse lengths which can be achieved for instance on TORE SUPRA. It is important to realize

here that operation scenarios that allow access to the advanced regimes will be extrapolable

to reactor operation only if the control can then be extended over sufficiently long pulses

during the full relaxation of the electromagnetic fields and can therefore allow for a

subsequent continuous operation with zero flux consumption on the average.

3.3. Control of the Current Density Profile and Reactor Operation

Appropriate feedback schemes will be necessary to control the discharge against non-

linear interactions between external and bootstrap current generation, current diffusion, heat

transport and a-particle heating. Here we shall address this problem and look for scenarios

which could permit stable steady-state operation of a fusion reactor (t » 1000 s). The

emphasis and final goal of these studies is to define the proper knobs and feedback loops

which will provide optimum control of the q-profile in the various phases of a reactor

discharge. Due to the very long burn phases which can be envisaged in these steady-state

scenarios, we can consider here rather slow changes in the plasma parameters (current,

minor radius, density) in order to minimize the induced electric fields in the plasma core at

the start of burn. This was indeed found to be necessary in order to maintain the pre-formed

current profile during the long resistive relaxation of the ohmic components which are

unavoidably generated during transients.

The following studies have been performed with a 1-D time-dependent code

(CRONOS [33]) which has been developped for analysing the evolution of the current

density profile in TORE SUPRA in the presence of time-varying non-inductive currents.

Prescribed MHD-stable current profiles with shear reversal in the centre can be obtained

through simultaneous PID feedback on two independent sources of current as well as on the

voltage applied on the primary circuit. This allows the control of three parameters including

the safety factor on axis and at a given position in the plasma, q = qref at r = rref (e.g. close to

the region of minimum q). The third parameter to be controlled could be the plasma current,

or the surface voltage or transformer flux consumption. However, as pointed out earlier,

minimization of the ohmic current components in the plasma at the beginning of the strong

heating phase and burn phase requires that the electric field inside the plasma - and in

particular on axis - should be kept at the lowest possible level during the initial plasma

profile formation phase and the current ramp-up phase. This can be performed by adjusting

the surface voltage in such a way that the primary circuit provides only the inductive flux

necessary for the current rise. Additional current drive systems are then required to provide
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the remaining resistive flux. Once qTCf(r = rref) is imposed, the minor radius of the discharge

(which can be varied independently) directly controls the total plasma current through a

simultaneous increase of the loop voltage and additional powers. Lower Hybrid waves can

be used to control qref, especially during the low current/low beta current profile formation

phase since it is the only efficient current drive method in the low temperature phase of the

pulse. Now, a practical means of achieving the prescribed q-profile while keeping the

electric field on axis reasonably small is to vary the LH power (Pih) and surface voltage (Vs)

according to :

= K,h [ l/qref - l/q(rrcf)j (l.a)

Vs = Knux K|h [1/qref - l/q(rref)] = Kflux . (dP|h/dt) (l.b)

where Kih and Kflux are two constants to be adjusted. The safety factor on axis can then be

controlled by a central source of current which we shall assume to be provided by Fast Wave

Current Drive since it appears to be best suited for this purpose. The corresponding power,

Pfw, then follows

dPfw/dt = Kfw[l/q(,,ref-l/qo] (l.c)

An example is shown on fig. 1 where the plasma density and minor radius were kept

constant during the first 100 seconds and particular values of the safety factor were

prescribed at two radii : qo.ref = 3.5 on axis and qref(rref/a = 0-5) = 2.5. In this example, the

total plasma current adjusts freely to the required q-profile and the surface loop voltage is

controlled such as to provide a prescribed fraction of the flux which is necessary to obtain

this profile while maintaining a small negative electric field in the plasma core. A small

negative electric field is helpful to produce a reversed shear in the centre through the neo-

classical resistivity profile. At the end of this phase the plasma current then reaches 5 MA

while 25 MW of LH power (+ 10 MW of FWCD) nearly drive the total current so that the

plasma is close to an equilibrium fully non-inductive state.

During a second phase (100-130s) the plasma current is raised through an aperture

expansion to bring the discharge to its full cross-section. The current then rises up to

13.5 MA because of the increase of the LH, FW powers and surface loop voltage which are

bound to maintain the same q-profile. At the same time the density is increased up to a level

which is determined by the required fusion power yield. The effect of ct-particle heating and

external power rise is to increase significantly the bootstrap current contribution up to 9 MA.

Transients are then observed on the electric field profile, inducing a slight oscillation in the

safety factor on axis (qn) for about 100 seconds. Then, the fusion power and q-profile must
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Fig. 1. Time evolution of the various current components, LH and FW powers, surface
voltage, qo and q(rla - 05) during a scenario with feedback control based on equations 1 (a-
b-c).
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be simultaneously controlled throughout the bum phase while the electric field slowly decays

to a constant vanishing value.

Once the required ignited plasma .has been obtained (t = 250 s.), a slight electric field

(yet driving a significant central ohmic component, JOH) still persists in the plasma. When it

is negative, a feedback loop which simply links the external FW power to the measured q

values at r = 0 becomes unstable because of the coupling between the external power and

the change in the central plasma conductivity (o"o)- For example, in order to prevent an

increase of qo on a resistive time scale, the FW power must slowly increase and therefore the

central temperature increases. The evolution of the system is then governed by dPfw/dt —»

doo/dt —» djoH/dt = - djfw/dt, so that qo is nearly frozen and never reaches the prescribed

value while the FW power should continuously increases. Instead, a given (but unknown)

amount of power should be applied such that the central electric field vanishes.

In order to stabilise the evolution of qo and of the FW power on the long term, a

scheme based on separate measurements of the ohmic current density and of the non-

inductive current density could be necessary. Such measurements have been recently made

on DIII-D, and are based on magnetic field reconstructions at various times [34]. In a reactor

this could be done in real time since, thanks to the extremely slow evolution of the current

density profile (= 1000 s), one would be satisfied with rather large time slices (e.g. 30 s. or

more) between two measurements. Then, assuming the availability of such measurements,

we have considered different feedback loops. The FW driven current is still used to control q

on axis and cannot be used at the same time for maintaining zero field on axis, but the LH

power controls the electric field at r = rref and the surface voltage now insures that q(rref) =

qref:

= K|h . joH(rref) + K'ih . j dt' JOH(t',rref) (2.a)

Vs = KnUx[l/qrcf-l/q(rref)] (2.b)

Control of the current density on axis can be made through (l.c) or, better :

fw/dt = Kfw|jo,rcf-Jni(O)] (2.c)

where jo.ref a p d jni(^) ; i r e t n e reference and non-inductive current densities on axis,

respectively.

Such a scheme has been simulated with CRONOS and the previous instability did not

show up. Non-linear couplings between the fusion power yield, the bootstrap current

density and the external power required to maintain the q-profile can still make the long-term

burn control delicate and should be further studied. For instance, they can result in a limit
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cycle where the plasma current, temperature and fusion power oscillate with a period of

about 2000 seconds. On such a long time scale, the oscillations can be removed by an

additional control of the fusion power through the plasma ion density such as :

dn/dt = Kn[Pa,ref-Pa(O] (3)

where Pajef a n d Pa(t) a r e a reference and a measured a-power yield. The result is shown

in fig. 2 for Pajc{ = 200 MW. Keeping a vanishing loop voltage at half-radius through the

regulation of the LH power has significantly reduced the excursion of the safety factor on

axis during the = 1000 seconds following the burn. Keeping the same constants Kih, K'ih,

Kflux, Kfw, and Kn, stable scenarios with nice control of the q-profile and with Po.ref

varying from 50 MW to 500 MW have been obtained. The evolution of the q-profile during

the run of fig. 2 is shown on fig. 3.

4. CONCLUSION

Enhanced confinement was observed in high bootstrap current discharges, in recent

experiments on DIII-D, JET. JT-60, TFTR and TORE SUPRA. For "Advanced Tokamak"

reactor applications, a combination of two independent and complementary external current

drive sources - such as Lower Hybrid Current Drive and Fast Wave Current Drive -

provides an efficient and versatile means of heating the plasma to a steady-state

thermonuclear burn through adequate feedback control of the current density profile. The

peaked fast wave driven current is convenient for controlling qo. Access to the high-JJp

second-stable regime requires hollow current profiles which must be formed early in the low

current, low-p phase of the discharge. Lower hybrid waves, in contrast with other current

drive methods, have a good current drive efficiency in the external regions and in the initial

low temperature phase of the discharge - i.e. before the full current and a-power rise - when

shear reversal must be produced and the bootstrap current fraction is still small.

Minimizing the electric field in the plasma core during transients is necessary

for the q-profile to be controlable over very long times ( » 1000 s). This can be best

achieved by van-ing very slowly (= 100-500 seconds before the burn) the plasma parameters

(geometry, current and density, ...) and by using real time reconstructions of the flux

surfaces separated by large time slices (neural networks) to control the loop voltage well

inside the plasma. Experiments on feedback control of the current profile will soon be started

in several machines in the aim of identifying the most practical schemes and the most reliable

steady-state reactor operation scenario.
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î . 2. Long-term evolution of the various current components, LH and FW powers, central
temperature and density, a-power yield, surface voltage, qo and q(rla = 05), //, ftp, #v and
qa during a scenario with feedback control based on equations 2 (a-b-c) and 3.



- 2 8 -

SAFETr FACTOR

0.2 0.4 0.6 0.8 1

.110 EbcMcMJ

o O2 o.4 ae o.s i

Fig. 3. q-profile and electric field at various times during the simulation shown in fig. 2.
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Abstract
We consider first, the expected values of the figure of merit y and the electrical

efficiency r\co of various non-inductive current drive methods. After, we summarize the

main experimental results achieved today, with neutral beams and radiofrequency systems.

Taking into account the simplified energy flow diagram of a steady state reactor, we

determine the figure of merit and the electrical efficiency values which are necessary in

order to envisage an attractive steady-state reactor. These values are finally compared to

the theoretical predictions.

I. Introduction
Commercially attractive tokamak fusion reactors will require steady state operation

mainly because the thermal fatigue of key elements is reduced and the thermal energy

storage is eliminated [1] [2]. These advantages of steady state operation should be

balanced against the recirculating power needed to maintain the plasma current.

Consequently, for an attractive tokamak steady state reactor it is necessary to reduce

as much as possible the amount of externally driven current ICD This necessitates mainly

to minimize the plasma current Ip (high q^ operation) and to maximize the bootstrap

current fraction (high poloidal beta Pp operation). In addition the reactor potential of the

tokamak could be considerably improved if an efficient system, using a combination of

various methods if necessary, of driving the plasma current could be developed and

demonstrated. In order to build an attractive steady state tokamak reactor various

parameters of the current drive system have to be improved. They are .

(i) The current drive figure of merit:

y = <ne> R ICD /
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where <ne> is the volume average electron density, R the major radius and PCD the total

injected power to drive the current ICD

(ii) The electrical efficiency TJCD
 =

 PCD/PECD where PECD represents the electrical

power needed to supply the non inductive current drive system

(iii) The capital cost figure of merit CCD (ECU Watt) cf the non-inductive current

system.

The scope of this paper is to compare the predictions concerning y and T^CD f° r

various non-inductive current drive methods to the values required in view to obtain an

attractive steady state reactor. In Sec. II a survey of theoretical predictions concerning y is

presented and some experimental results are given. The expected electrical efficiencies r\cD

are also discussed. The Sec. in summarize the steady state constraints obtained considering

the power flow diagram of two tokamak reactor designs. The required y and TICD values

and the comparison with their predicted values are considered in Sec. IV. Finally, in Sec. V

some concluding remarks are given.

The units are mks with the plasma current in MA, power in MW, density in 1020 m*3

and temperature in 10 keV

II. Survey of the figure of merit and electrical efficiency of some non-
inductive current drive methods

We consider the following external current drive methods :

- neutral beams (NBCD),

- fast waves in the ion-cyclotron and low frequency range (FWCD),

- lower hybrid waves (LHCD),

- electron cyclotron waves (ECCD).

For these methods basic physic is well understood [3] and successful demonstration

experiments have been performed.

ILL Current drive figure of merit y

(i) Considering PCD the power density to drive the current density JCD on the

plasma, we introduce the following normalisations :

(j = JCD / n • e • ve f me = electron

P = PCD / n m e vc v0 v n =
where ve = (kTg/mg) is the electron thermal velocity and VQ = © ̂ . Log A / 2 n n v\ the

collision frequency where cOpg represents the electron plasma frequency. From (1) we

have :

^jO) (2)
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Considering flat profiles, the total power PCD and the corresponding total driven

current ICD are given by :

j = ; ta2kjC D (3)

= 2 712 Ra 2 k p C D

From relations (2) and (3) we can now define a figure of merit:

y =< ne > R I C D / PCD = 0.015 Te (j / p) (4)

(ii) The dimensionless function (j / p) is calculated for the various methods using

2D-Fokker Planck equation and taking into account of trapped electron and relativistic

effects if necessary. For example for waves, (j / p) is plotted on figure 1 as a function of

the normalized phase speed W = vpij/ve = C/N// ve (N// = parallel refraction index ; vph =

phase velocity), considering the electron LANDAU damping (Fig. la) and the ALFVEN

wave damping (Fig. lb) [4]. On this figure 1, four different poloidal angles and various

inverse aspect ratios values e are used. We see that, on flux surfaces with a local inverse

aspect ratio e > 0.1 and normalized phase speed W < 1, trapped electrons reduce notably

the j / p value. On the other hand, the role of the relativistic effect is seen on figure 2 for

the electron LANDAU damping. On this figure 2 we have indicated on the right-hand side

the figure of merit and the N// - domain covered by today lower hybrid experiments is

represented.

A simple algebraic expression, not including trapped particle effects, can be used [ 5 ] :

j / p = + 2
Z W

1 +
8W2

(5)
ZeffW

where D = 3.76 for the LANDAU damping.

(iii) The calculated evolution of the figure of merit y versus volume averaged electron

temperature <Te> for neutral beams, fast waves and lower hybrid waves, is plotted on

figures 3a, 3b and 3c respectively. We note that in general y increases with <Te>. On this

paper we use the following approximate analytical expressions :

a) NBCD :

Y N B = 0.25 < Te > F(Zc f f , Z b , M b ) (6a)

with: F(Zef f ,Zb ,Ab) = l -
Zb

Zeff

0.667

A1/2 1

where Mj, , Zb are the beam ion mass and charge and A = R/a the aspect ratio. The

optimum beam energy E^ * (30 to 50) Mj, Te * 2 MeV.
b) FWCD :

y F W * 0 . 6 3 < T e > / ( 2 + Zeff) (6b)

The frequency is chosen in order to avoid ion absorption (f ~ 20 MHz for ITER).
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c) LHCD
0.37 BT , , ,

YLH * /- 7 x x -JJ2 x < Te > (6c)
(5 + ZeffJ <ne>

The B j / < ne > dependence is determined by the accessibility constraint.

[ 2 2 2 21̂ 2
1+0^/0^-0^/0)^

where ©cc represents the electron cyclotron frequency. In order to avoid the a-particle

absorption it is necessary to use a high frequency O 5 GHz on ITER)

d) ECCD .
y E C * 0 . 9 < T e > / ( 5 + Zcff)

we have supposed W ~ 3 and that a single pass absorption is achieved.

EL2. Summary of the main experimental results

II. 2.1. Lower hybrid waves:

(i) High L.H. driven currents have been achieved : 3.6 MA on JT60U [6], 1.8 MA on

JET [7] and 1.6 MA on Tore Supra [8]

(ii) The highest experimental current drive figure of merit has been obtained on JET [9]

using lower hybrid and ion cyclotron waves : y * 0.42 1020 m"2 MA/MW taking into

account synergetic effects. We have y * 0.34 1020 nr2 MA/MW on JT60U [6] and

y - 0.15 to 0.2 1020 m"2 MA/MW on Tore Supra [8].

7/2.2 Fast waves:
(i) About 0.18 MA of current has been driven on DUED [10] and 0.08 MA on Tore

Supra [11]. These current are well predicted by theory.

(ii) The figure of merit y lies between 0.02 to 0.03 1020 nr2 MA/MW.

11.2.3. Electron cyclotron waves:

(i) Experiments on DUID have found currents of 0.1 MA driven by electron-

cyclotron waves [10]. Good agreement is obtained between the Fokker-Planck code and the

experiment.

(ii) the best value of the figure of merit y - 0 016 1020 m*2 MA/MW is observed on

DIHD [10].

11.2.4. Neutral beams :

On TFTR y - 0.05 1020 nr2 MA/MW while on TEXTOR y - 0.052 when neutral

beams are combined with ion-cyclotron heating [12].
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n.3. Electrical efficiency

II. 3.1. RtuUofrequency systems

The general diagram of a radio frequency (RF) system is shown on figure 4a. Then the

electrical efficiency T\QD is given by :

TlCD = ^HV • TlGEN • TlTRANS

where ri^y, T\QEH and TITR^NS are the high voltage power supply efficiency, the

generator efficiency and the transmission efficiency respectively. On table I we have

indicated for the three RF methods, the various efficiencies. For each of them, two values

are given (i) a probable value which can be obtained with a small development from existing

techniques (ii) a possible value which necessitates a strong development; for example the

utilisation of the depressed collector technique increases the tube efficiency as indicated by

the following relation:

where T|c is the collector recovery efficiency and T|RF the tube efficiency without the
degreased collector

II.3.2. Neutral Beams

The diagram of a neutral beam system is represented on figure 4b. The electrical

efficiency, neglecting the power dissipated in the ion source and for pumping, is roughly

given by :

x TiACC • TlTRANS • HN
1

where r\ACC » ̂ TRANS -^N a r e ^ e acceleration, transmission and neutralization efficiencies

respectively and T|R the recovery efficiency. The neutralization efficiency in the gas cell is

0.60, while in the plasma cell it reaches 0.8. Considering TJ T R A N S * 0.8 and T | A C C * 0.85

and without energy recovery we have :

(i) a probable electrical efficiency (with a gas neutraliser): T\QQ * 0.4,

(ii) a possible electrical efficiency (if a plasma neutralizer available) : T|QJ * 0.5.

TABLE 1

nHv
T1GEN

T1TRANS

T1CD
FREQUENCY

FW

Probable

095

0.72

0.88

0.6

CD

Possible

0.95

0.85

0.88

0.7

50 MHz

LH

Probable

0.95

0.60

0.85

0.5

CD

Possible

0.95

0.70*

0.90

0.6

5 to 8 GHz

EC

Probable

0.9

0.35

0.85

0.27

CD

Possible

0.95

0.50*

0.85

0.40

200 to 300 GHz

with depressed collector.
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III. STEADY STATE REACTOR
DLL Power balance

We consider the general power flow diagram shown in figure 5 The fusion neutron

power PpN increased by the blanket energy multiplication M and a fraction f of the alpha-

particle power PFot and the current drive power P C D , assumed to appear as high-grade

heat usable by the thermal cycle, compose the thermal power

This thermal power is converted to the gross electric power ?EQ = TI-J-.P-TH with a

thermal conversion efficiency r|T . The net electric power P ^ = PEG 0 - Ec) ' s supplied to

the grid where £C = PEC^PEG represents the recirculating power fraction. In the

recirculating power PEc = P Q J + PAUX . ^ power necessary for the auxiliary systems

PAUX (cryogenics, pumping power, etc.) represents a fraction TJAUX = PAUX^PEG ° f t n e

gross electric power. With these conditions, the net electric power is equal to :

and the plasma power multiplication factor

n _
V

PCD r|Tr |C D(e c - T I A U X ) ^ M + - J

Figure 6 shows the evolution of Q as a function of the recirculating power fraction e^

for T|T = 0.4 and various values of TICD . We see the strong influence of e c on Q : low

Q values are associated with a high recirculating power.

IIL2. Plasma model

We use a O-D simplified plasma power balance (Te = Ti) with profiles of the form

Pi = PiO 0 - x 2 ) ^ where x = r / a ; the peaking factors for density and temperature are

respectively a,, = 0.5 and 04 = 1

The energy confinement time is given by :
TE = H XE ITER-89P ( 9 )

where H represents the confinement time multiplier factor.

The DT fusion reactivity is approximate by the following expression :

<a v > D T = 1.1 10-22 T2 (10)

The plasma current is given by :

where IB S represents the bootstrap current. The bootstrap fraction x ^ B S ^ p IS

evaluated as follows .

l/2 (12)
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where Pp is the poloidal beta value and JBS a numerical factor depending on profiles : we

take JBS=1.2

The safety factor qw is given by :

_ 5 a B T ( 1 1 7 - 0 . 6 5 / A ) -1 .25 3 )

A ( I - I / A 2 ) IP

where the triangularity 6 = 0.3 .

The total toroidal beta value P must satisfy the following constraint
L

(13)

a • DJ

with the dependence of the Troyon factor given by the ARIES-I correlation [13]:

2 . 8 f l - 0 . 4 ( K - 1 1

The H factor is calculated so that the toroidal beta is determined by the relations (14)
and (15).

D1.3. Technical constraints-Design points

(i) The internal structure thickness AJJSJT (shield + blanket + first wall + gaff) is

supposed given roughly by AJNT = R / 5 . Consequently the peak magnetic field B-TM on

the inboard leg of the superconducting toroidal coil is related to the toroidal magnetic field

on plasma axis BT by the following relation :

B T M = B T / (O .8 -1 /A) (16)

Otherwise we take M = 1.25 ; f = 0.7 and TI A U X = 0.065 .

(ii) We consider a class of reactor delivering a net electrical power Pg = 1000 MW

with a recirculating power fraction e^ = 0.2 . In order to maximize the bootstrap current

fraction we take A = 4.5 and qy = 5 . A moderate elongation K = 1.75 is used.

(iii) We have selected two designs :

- Rl (classical design) : the peak magnetic field B T M = 13 Teslas and water

cooling is retained giving r\j = 0.35 ;

- R2 (advanced design): the peak magnetic field 8 - ^ = 18 Teslas and He

cooling is envisaged giving rjT = 0.47. This design is similar to the SSTR [14] and

ARIES-I [15] designs.

For R2, the main parameters are summarized in Table 2. In this advanced design R2 ,

the plasma current is moderate Ip ~ 10 MA and we can realise a high bootstrap current

fraction a ~ 70 %. The necessary confinement time multiplier H ~ 2.3 is equivalent to the

values achieved to day in the advanced regimes at a comparable Pp/A - 0.5 value.
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TABLE 2 : R2 Parameters

• Aspect ratio A = R/a

• Major toroidal radius R(m)

• Plasma minor radius a(m)

• Elongation K

• Plasma edge factor q^

• Plasma current Ip(MA)

• Peak TF-coil magnetic field B-p^T)

• On-axis toroidal magnetic field Bj(T)

• Bootstrap current fraction %

• Current drive power PQJ(MW)

• Confinement time multiplier Hj-p£R89

• Plasma poloidal beta 0p

• Troyon coefficient p^

• Gross electric power PEG(MW)

• Net electric power PEN(MW)

• Recirculating power fraction £p

4.5

6.53

1.45

1.75

5

9.2

IS

10.4

0.62

78

2.35

2.2

0.031

1250

1000

0.2

IV. REQUIRED y AND iiCD VALUES AND COMPARISON WITH
PREDICTIONS

The evolution of the product <ne>.<T> as a function of BJM is shown in figure 7 ;

we have:

- design Rl : <ne>.<T> * 1.2 1021 nr3 keV

- design R2 <ne>.<T> * 2.3 1021 m*3 keV.

On this figure is also indicated the evolution of the triple product y <T> TJQ) for the

two values of the thermal efficiency TVT . We see that for a given design y <T>ncD
 K

constant. In the figure 8, we have represented the evolution of y T\QQ as a function of the

average temperature <T> for Rl and R2. It appears that for:

- <T>= 10 keV : a value of y.T|CD = 0.4 1020rn-2MA/MW is necessary for Rl and

0.32 1020 m-2 MA/MW for R2 ;

- <T> = 15 keV : a value of y.TJcD = 0.26 1020 nr2 MA/MW is required for Rl and

0.22 1020 m"2 MA/MW for R2.

But, as indicated before, our plasma model implies that the toroidal beta is fixed and,

consequently y.T)cD/<ne> is also constant as shown in figure 9. We note that for

<ne> = 1020 m'3 it is necessary that:

- Y ncD * ° 3 2 i o 2 ° m"2 MA/MW for Rl,

- Y TlCD • ° 1 4 i o 2 ° m"2 MA/MW for R2.
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On the other hand, the predicted evolution of y.ricD a s a function of the electron

density for each non-inductive current drive method is determined considering :

(i) the approximate analytical expressions (6a) to (6 d),

(ii) the electrical efficiency T|Q) given in paragraph II.3.

(iii) the <ne>.<T> values indicated in figure 7 for Rl and R2.

The results are shown in figures 10a and 10b for the Rl and R2 designs respectively

The required y T|QJ values are obtained when the predicted y T\QD values satisfied the

reactor requirements also indicated in the figures.

We see that we have approximately the same values for Rl and R2 :

- LHCD : YLHT1LH*0 3 1020m-2MA/MW

- NBCD and FWCD : ym r^ * ypw T I ^ * 0.2 1020 nr2 MA/MW

- ECCD : yEC TJEC * 0.12 1020 nr2 MA/MW.

But the required yi\cD values for each non-inductive current drive method are

obtained for different plasma operating parameters as shown in figure 11. In the <ne>, <T>

domain, we have indicated the plasma operating points for each non-inductive current drive

method With the R2 design, we can work at higher electron-densities which are more in

line with the divertor constraints. The LH wave penetration can be a problem at high

density, in spite of the high magnetic field value (see Table 2) [14]. For the EC waves the

operating temperature seems to high, especially taking into account our approximate

expression (10) for the DT fusion reactivity which overestimate the fusion power.

V. CONCLUDING REMARKS
With an advanced reactor design (similar to the ARIES-I and SSTR designs) it is

possible to obtain a steady state regime using non-inductive current drive methods in

conjunction with a high bootstrap current fraction (~ 70 %).

The electrical efficiency of these non-inductive current drive methods plays a key role.

Considering the present state of the art it appears (except perhaps for the fast wave method)

that an aggressive development programme is necessary.

A strong experimental programme concerning combined scenarios (LH + ICRH,

FW + ECRH, NB + ICRH, LH + ECRH, etc.) has to be undertaken in view to increase (i)

the flexibility of the current drive system (ii) the current profile control capability [16] (iii)

the current drive figure of merit y through synergetic effects [9].

Complete non-inductive powerful steady state discharges (pulse length exceeding many

resistive diffusion and particle saturation wall times) have to be produced in order to study

practical means to control simultaneously the total plasma current and its profile. This kind

of discharges can be produced on Tore Supra Continu, TPX and JT60.SU.
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